Abstract Fetal development in an obese maternal intrauterine environment has been shown to predispose the offspring for a number of metabolic disorders in later life. The observation that a large percentage of women of child-bearing age in the US are overweight/obese during pregnancy is therefore a source of concern. A high fat (HF) diet-induced obesity in female rats has been used as a model for maternal obesity. The objective of this study was to determine cellular development in brains of term fetuses of obese rats fed a HF diet from the time of weaning. Fetal brains were dissected out on gestational day 21 and processed for immunohistochemical analysis in the hypothalamic as well as extra-hypothalamic regions. The major observation of this study is that fetal development in the obese HF female rat induced several alterations in the HF fetal brain. Marked increases were observed in orexigenic signaling and a significant decrease was observed for anorexigenic signaling in the vicinity of the 3rd ventricle in HF brains. Additionally, our results indicated diminished migration and maturation of stem-like cells in the 3rd ventricular region as well as in the brain cortex. The results from the present study indicate developmental alterations in the hypothalamic and extra-hypothalamic regions in the HF fetal brain suggestive of a predisposition for the development of obesity and possibly neurodevelopmental abnormalities in the offspring.
Introduction
Approximately 36 % of the adults in the US are classified as obese (BMI >30) (Ogden et al. 2012) . Available evidence from epidemiological and animal studies indicates that altered nutritional experiences during early periods in life decisively impact on the development of obesity and associated metabolic diseases in later life via the phenomenon of developmental programming (Fernandez-Twinn and Ozanne 2010) . In addition to the association with adult-onset metabolic disorders, childhood obesity has been associated with increased risk for mental health disorders such as depression, anxiety, and attention deficit hyperactivity disorder (Rofey et al. 2009; Waring and Lapane 2008) . Dodds et al. (2011) have suggested that increased body weight gains in the pre-pregnancy and pregnancy periods in the mother pose a higher risk for the development of autism in the offspring. Hence the observation that approximately 50 % of women of child-bearing age in the US are overweight (Flegal et al. 2010) suggests that the offspring of such women may be at a higher risk not only for the onset of metabolic diseases but also for neurodevelopmental diseases.
We and others have demonstrated that feeding a high fat (HF) diet to female rats resulted in the predisposition for the development of obesity and metabolic disorders in the offspring (Gupta et al. 2009; Srinivasan et al. 2006; Sullivan et al. 2011) . In this study, we hypothesized that the altered obese maternal environment in rats consuming a HF diet may negatively impact on the development of the HF fetal brain circuitry including hypothalamus which controls feeding behavior as well as other brain regions involved in diverse behavioral functions and possibly neurodevelopmental abnormalities in the offspring.
Methods
The Institutional Animal Care and Use Committee at the University at Buffalo approved all animal procedures (protocol # BCH06064N). Twenty-four day-old Sprague-Dawley female rats were randomly divided into two groups and were fed ad libitum either a high fat (HF) diet (% caloric distribution: 59.5 fat, 24.4 carbohydrate, 16 protein) or a rodent laboratory chow (LC) (% caloric disrtibution:10.9 fat, 70 carbohydrate, 19 protein) until the end of the experiment. HF and LC female rats (~120 day-old) were bred with 3 month-old male rats fed LC from postnatal day 24. Pregnant HF and LC rats continued to consume their respective diets during gestation. The term fetuses were rapidly removed on embryonic day 21 from the anesthetized dam and further anesthetized (ketamine/xylazine) immediately before being perfused with 4 % paraformaldehyde. The dissected brains were processed in gradient of sucrose before slicing into 25 μm thick sections.
Immunocytochemistry
Representative coronal sections (5 sections/animal/3-4 fetuses per group each from a different mother) were immunostained and analyzed (Stachowiak et al. 2013) . Briefly, free floating sections were incubated in 10 % normal goat serum (Immunogen; Grand Island, NY), followed by overnight incubation with variety of primary antibodies: rabbit anti-NPY (1:500 dilution; ABCAM, Cambridge, MA), rabbit antiagouty-related protein AgRP (1:200); LS BIOSCIENCES, Inc, mouse anti-insulin receptor antibody (1:800 dilution; ABCAM, Cambridge, MA), rabbit anti-α-MSH (1:20,000 dilution; ABCAM, Cambridge, MA), rat anti-Nestin antibody (1:500 dilution; Pharmigen, Franklin Lakes, NJ), mouse anti-βIII Tubulin monoclonal antibody (1:1000 dilution; Sigma-Aldrich, St. Louis, MO), and TOPRO reagent (Invitrogen, Grand Island, NY) for labeling double strand DNA. After multiple rinses in phosphate-buffered saline, sections were incubated for 2-3 h with a dilution of the appropriate secondary antibodies. The following antibodies were used: Alexa Fluor 488 goat anti-mouse (1:2000), Alexa Fluor 594 goat anti-rat (1:1500); Molecular Probes, Carlsbad, CA; Cy3-conjugated goat anti-rabbit (1:2000); Jackson Immunoresearch, West Grove, PA). Immunofluorescence staining was analyzed using Zeiss Axioimager Z1 microscope. Representative sections are shown.
Statistical analysis
The difference between numbers of immunostained cells on brain sections (4 sections/stain) from HF and LC rats were evaluated using Students' t test. P <0.05 was considered significant.
Results and discussion
Earlier we reported that female rats weaned onto a HF diet were significantly heavier than age-matched LC females on postnatal day 100 (prepregnancy period) (body weights, means ± SEM; HF: 372±13 g vs LC: 314±6 g; n =8) and were also heavier on gestational day 21 (HF: 538±8 g vs LC: 467±4 g; n =8) (Gupta et al. 2009 ). The average term fetal body weights were similar for both the groups (HF: 5.2±0.2 g vs LC: 5.0±0.3 g; n =6-8 litters). This study indicated that maternal obesity induced by feeding a HF diet to rats resulted in increased levels of serum insulin and leptin in term HF fetuses (Srinivasan et al. 2006) . In order to determine if a predisposition for adult-onset obesity in the HF offspring was programmed during fetal development in the HF intrauterine environment, immunoreactivity of orexigenic and anorexigenic neuropeptides/proteins was examined in the hypothalamic region of term fetal HF brains. Increases in the immunoreactive NPY and AgRP cells indicative of an increased orexigenic drive were observed in the term HF fetal brains compared to LC fetal brains (Fig. 1a, b and e) . A suppressed anorexigenic signaling in the hypothalamus of HF fetal brains was indicated by the reduced number of α-MSH immunoreactive cells (Fig. 1c) . These results corroborate other studies indicating that maternal HF diet consumption programs the hypothalamic pathways that regulate feeding in the offspring (Gupta et al. 2009 ). A recent study showed that prenatal exposure to HF diet alter the population of fetal hypothalamic neurons containing NPY (Poon et al. 2012) .
Since term HF fetuses are hyperinsulinemic (Srinivasan et al. 2006) , we examined possible changes in the levels of brain insulin receptor (IR). Immunostaining revealed strong IR immunoreactivity in the diencephalon parenchyma and walls of the 3rd ventricle in the brains of LC fetuses. The intensity of IR immunostaining (Fig. 1d ) and the number of IR immunoreactive cells (Fig. 1e) were diminished in HF fetuses. These results indicated that in HF fetal brains the expression of IR is markedly reduced in the germinal zone of the 3rd ventricle and its surrounding.
Given the role of IR signaling in the stem cell biology, we analyzed the effects of the HF maternal environment on the stratification of cells in the ventral region of the 3rd ventricle by staining with TOPRO. Significant differences were observed in the TOPRO labeling between the HF and LC fetal brains. (Fig. 2a) . In LC fetal brains, nuclei of the cells surrounding 3rd ventricle formed 3-5 layers of cells, which were (Fig. 2a) . In HF fetal brains, the nuclear layers were fewer (2-3 layers of cells) and the nuclei were smaller, rounded, and more uniform in size. In the offspring of obese mothers fed a HF diet during gestation only, increased proliferation of neuronal and neuroepithelial cells of the embryonic 3rd ventricle and increased migration of these cells to hypothalamic regions were observed (Chang et al. 2008) .
The germinal layer of the 3rd ventricle is a source of the neural stem/progenitor cells that migrate during development into brain parenchyma and differentiate into various types of neurons, astrocytes and oligodendroglia . This process is strictly time regulated so distant parts of brain can become functional link of the neuronal circuit. The layered structure of the mature cerebral cortex is created in an inside-out order. Immunostaining for nestin, a neural progenitor marker, indicated that changes in cellular development are not limited to the hypothalamic and thalamic regions but could also be detected in the telencephalic structures in HF fetal brains. Nestin expressing cells were markedly increased not only in the hypothalamus, but also in the brain cortex of the HF fetal rats indicating broader spectrum of developmental changes. In the LC fetal brains immature nestin + cells were found only in the deeper layer of dorsal and lateral cortices. In contrast, in HF fetal brains nestin + cells were present throughout the layers of cortices (Fig. 2b) , suggesting impaired layering and maturation of cortical neurons. Scattered distribution of Nestin + cells through the entire region of cortices in the HF fetal brain indicates a delayed cellular organization which could possibly disrupt intercellular connectivity. The organization of neuronal connections into vertical columns allows cortical columns to act as the functional units so any disruption of circuitry may have functional consequences.
We also observed changes in distribution of newly differentiated, βIII-Tubulin expressing neurons (Fig. 2c) . In LC fetal brains such neurons were uniformly distributed in all cortical layers, emphasizing optimal stratification of the region. In contrast, in the HF fetal brains the βIII-Tubulin expressing neurons formed tight columnar structures. Thick bundles of processes run from deepest layers toward most outer layers of cortex but connectivity of distant molecular layer I is less prominent than in controls.
Deficit in neural development can lead to cognitive, motor, and intellectual disability, as well as neurological disorders such as autism, Rett syndrome, and mental retardation. For instance, in sensory areas, these vertically-integrated columns actually have an inhibitory effect on adjacent columns (lateral inhibition) which is believed to increase resolution of sensory information needed (Palmer et al. 2012) . Furthermore, perinatal exposure to a high fat diet has been shown to result in altered development of key pathways that regulate mood and behavior (Kiyohara and Yoshimasu 2009) and in increased anxiety and deficits in spatial learning ability in the offspring (Bilbo and Tsang 2010) .
The mechanisms that underlie the predisposition of the offspring of obese mothers to metabolic aberrations and possibly neurodevelopmental disorders are not clearly understood. During the early developmental periods, insulin and leptin function as growth factors for the central nervous system. Since HF term fetuses are both hyperinsulinemic and hyperleptinemic (Gupta et al. 2009) , it is possible that the altered levels of these hormones induce changes in the development of the brain. The results from the present study indicate developmental alterations in the hypothalamic and extrahypothalamic regions in the HF fetal brain suggestive of a predisposition for the development of obesity and possibly neurodevelopmental abnormalities in the offspring.
